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Abstract
Helicopter loading histories applied to notched metal samples are used as examples, and
their fatigue lives are calculated by using a simplified version of the local strain approach. This
simplified method has the advantage that it requires knowing the loading history in only the
reduced form of ranges and means and number of cycles from the rain-flow cycle counting
method, The calculated lives compare favorably with test data.
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Introduction
The Palmgren-Miner (P-M) theory of damage has long been used to predict the time to crack
initiation in metals. This rule states that the fatigue failure occurs when the summation of life
fractions reaches unity. The successful use of this rule requires proper handling of cycle
counting, overstrain effects, and local notch mean stress effects. In this paper, the P-M rule
is used, and the above three complexities are included by using the rain-flow cycle counting
method, by basing the life calculations on data for specimens that have been prestrained [1-3],
and by using the local strain approach [4-6], respectively. The local strain approach focuses
attention on the stresses and strains that occur locally at a stress raiser of interest, and the
S-N curve used is a strain versus life curve.
The rain-flow cycle counting method is a procedure for interpreting an irregular load versus
time history as a collection of events (called cycles) to which fatigue damage can b_ assigned.
In this method [7], cycles are counted depending on the comparison of two adjacent ranges
as illustrated in Fig. 1, which also defines the range and mean of a cycle. If the first range Is
less than or equal to the second, a cycle is counted and the corresponding peak and valley
are discarded for the purposes of further cycle counting.
Figure 2 illustrates this process for a simple loading history. First, the history is reordered to
start with the highest peak or lowest valley as in (b). Cycle counting then proceeds by moving
forward in the history. If a cycle is counted, as in (c), its range and mean are recorded and its
peak and valley are removed from the history. This procedure, as described in detail in Ref,
[7], always yields a major cycle between the highest peak and lowest valley, and smaller cy-
cles temporarily interrupt larger ones.
By using the rain-flow cycle counting method, a service loading history can be reduced to a
convenient compact form. The compact description is in the formofa matrix giving range, and
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mean, and numbers of rain-flow cycle. Table 1 illustrates such a matrix for the loading history
of Fig. 2. As a second example, a portion (about one-third) of an actual helicopter loading
history is shown in Fig. 3, and the resulting rain-flow matrix in Fig. 4.
As noted above, an area of importance in predicting fatigue life is the overstrain effect. This
effect, which is caused by the higher stress levels, needs to be considered since it increases
the damage done by the lower stress levels [1,2]. Figure 5 illustrates this effect for titanium
6AI-4V. The lower curve represents test data for specimens which have been plastically
strained, but only to a life fraction of a few percent. There Is nevertheless a large effect on the
life for subsequent testing at a lower level due to the prestrain causing damage to the material
at the microstructural level.
A known load versus time history Is necessary for analysis of fatigue life using the local strain
approach. But the history may be lengthy, and there are no restrictions on the degree of ir-
regularity of the time variation. The local strain approach predicts crack initiation life and
assumes that fatigue life is controlled primarily by the local notch surface strain and mean
stress, not the nominal (average) stress. Emphasis on !oca! notch behavior is cruc!a I as thi s
permits rational analysis of local notch yielding and its effect on the local notch mean stress.
This method in its complete form requires knowing the loading history in full length.
A simplified method for calculating fatigue crack Initiation life based on the local strain ap-
proach can be used [518]. This method has two very distinct advantages. First, only a rain-flow
matrix in the compact form of range-mean values is required as the input information. AI-
thoughsome detail is |ost, such a matrix {:an beused with {he local strain approac5 i6 place
i,pper and-iower_bounds on the iife-that-wouid result from :the analysis of the original, un-
summarized history. This principle is explained in detail in Refs. [3,gl. Note thatihis compact
form is much easier to handle and store than the full history in the form of a time sequence
of peaks and valleys. Secondly, the life calculations are simpler and more economical.
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Figure 1, Condition for recording an event during rain-flow cycle counting
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Figure 2. Example of rain-flow cycle counting from the ASTM standards [7]: Before the cycle
counting begins, the most extreme point in the history should be located, and the history
arranged to start and finish at this point as shown in (b).
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Figure 3. Portion of the modified maneuver history
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Figure 4. Range-mean matrix from rain-flow cycle counting of the modified maneuver history
Fatigue Life Estimates for Helicopter Loading Spectra 6
Table1, Rain-flowmatrixfortheloadinghistoryofFig.2[7]
Event Range Mean(units)






AB 3.0 1 - - 1
-- 3.5 ....










DG 9.0 - - 1 - 1
-- 9.5 ....
-- 10.0 - - -
Fatigue Life Estimates for Helicopter Loading Spectra 7
I0 "1
._ I0 "2
• I I I i I
Data m










i I I I I 1
I0z 103 104 105 I0e IOT I0a
N, Cycles
Figure 5. Strain vs. life test data and curves for Ti.6AI-4V
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In this paper, two helicopters loading histories are chosen for analysis, and their fatigue lives
are calculated using the simplified method. Also, the calculated lives are compared with test
data. All life calculations are based on a strain-life curve, which represents failure of small
unnotched axial test specimens. Lives so predicted for notched members correspond to initi-
ation of an easily detectable crack. In general, the remaining life for crack growth also needs
to be calculated, but this was relatively short and so was neglected for the particular speci-
mens analyzed here.
Life Calculation Methodology
The simplified version of the local strain approach used assumes that fatigue life is controlled
primarily by the notch surface strain, and it considers plasticity and mean stress effects in a
fairly complete manner. Note that the traditional S-N approach crudely handles plasticity, and
also neglects the special mean stress effects which arise from loading sequence. Life calcu-
lations by the local strain approach consists of two steps. First, the local notch stress and
strain histories must be predicted, and second the life corresponding to the local stress and
strain histories must be estimated.
Local Strain Approach
Figure 6 illustrates the initial and most difficult step of estimating the strain-stress history.
This step is difficult because it requires specific handling of the complex nonlinearity relating
load, strain, and stress, in order to achieve the above task, a cyclic stress curve [10] for the
material is needed:
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oa oa 1
_a = T + (-_--)T (1)
where _,, a° are amplitudes of strain and stress, respectively, E is the elastic modulus, and A
and s are material constants. Next, by employing Eq.l and with the aid Of Neuber's rule, a
curve relating nominal stress, S, and the local notch stress and strain is obtained:
(krs=)= (2)
°a_a= E
where kt is the elastic stress concentration factor.
Figure 6(b) shows these two curves. These curves are then used to estimate the local
stress-strain response at the notch by following the loading history while modeling the
hysteresis looping behavior of the material. For the example of Fig. 6, the irregular loading
history of (c) results in S versus _ and _ versus _ as shown in (d) and (e). Note that there Is
a set of closed hysteresis loops, such as 2-3-2', 6-7-6', 5-8-5', and 1-4-1' for this example. Each
such loop is identified as a cycle, and the cycles so defined are the same as would be ob-
tained from applying rain-flow cycle counting to the load(S) versus time history.
Each cycle now has a known strain range, &c = 2_,, and mean stress, o0, as shown for cycle
6-7-6' in Fig. 6 (e). The life, N, corresponding to each combination of _, ,o0 can be obtained from
a strain-life curve [ 10]:
Ea=---_-(2N')b+ ,/(2N') c (3)
where _, is the strain amplitude corresponding to a closed loop, N' is the life in cycles for zero
mean stress, and a/, b, _/and c are additional constants for the material. If the rule of Morrow
[11] Is used to account for mean stress effects, the fatigue life as adjusted for mean stress a0
can be estimated by:
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oo )--_-N=N'(I- 0-7 (4)
where N is the final adjusted life.
The final step is then to apply the P,M rule. For a loading history that is assumed to repeat
until failure occurs, the rule takes the form:
= 1 (5)
where n_ is the number of occurrences per block of a cycle corresponding to life N,, and B is
the unknown number of blocks (repetitions) to failure for the irregular history.
Simplified Method
As mentioned earlier, the local strain approach generally requires a knowledge of the full
sequence of the loading history. However, in the simplified method, the loading history may
be used in concise matrix form. The first step is then to determine the rain-flow matrix that
contains the information on range and mean loads of rain-flow cycles. Using this information,
upper and lower bounds on life can be calculated [3,9]. As long as these bounds are reason-
ably tight, which will be the case in most practical situations, the more detailed simulations
as in Fig. 6 are unnecessary.
The principle behind this bounding is shown in Fig. 7 for one cycle, namely 6-7 from Fig. 6. The
guiding principle is that both load-strain loop 6-7 and stress-strain loop 6-7 must lie within the
corresponding loop for the largest cycle inthe history, namely 1-4. The load limits S6 and $7
are known; therefore limits can be placed on the mean strain of cycle 6-7. As shown in Fig.






















Figure 6. Illustration of local.strain approach for an Irregular history: Notched member (a),
having cyclic stress-strain and toad-strain curves as in (b), is subjected to toad history
(c). The resulting load-strain response is shown in (d), and (e) is the local- notch stress
strain response [6].
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7(a), loop 6-7 can be so far to the right that it is attached at A, or so far to the left that is at-
tached at B. Similarly, the same line of reasoning can be applied to a load-stress loop as in
Fig. 7(c), where loop 6-7 could be so low that it is attached at A, or so high that is attached
at B. Figure 7(b) shows the extreme stress-strain loops which satisfy both sets of constraints,
so that these correspond to the upper and lower bounds on local notch mean stresses for
cycle 6-7, a0a and _0A"
Knowing the upper and lower bounds on the mean stress for cycle 6-7 of the example allows
bounds to be placed on the life, N, from Eq. 4. The upper bound on N is similarly obtained for
all cycles in the history, and these are used with the P-M rule in the following form of Eq. 5 to
obtain the upper bound on life for the irregular history. The same procedure, but using the
lower bound N's for each cycle, can be used to obtain the lower bound on life for the irregular
history. The above procedure is explained in detail in Refs. [3,9].
If the local notch plastic strains are small during the history, the stress-strain loop for the
major cycle, such as 1-4 in the example, is reduced to a straight line, and therefore the upper
and lower bounds on life are then identical. Also, at high load levels, the cycles causing most
of the damage may not have significant mean stresses due to the large plastic strains, and the
bounds will then be close. Hence, the widest separation between the bounds is expected at
intermediate load levels. Note that if most of the damage is done by low-level cycles, then the
degree of separation of the bounds will be greatest. Also, if all but a negligible fraction of the
damage is done by the major cycle, then the two bounds are again identical [3,9].
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Figure 7. Illustration of placing bounds on the mean stress of • subcycle: Thls illustration is
based on Fig. 6. Note that the sequence of the applied loads is not known, and the mean
stress for 6-7 must lie between the ¢0A and ¢0a values shown.
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Material, Specimens and Loading Histories Analyzed
Two helicopter loading histories are analyzed, Fatigue life data for both Helix and a severe
maneuver history, applied to plate-with-hole specimens having elastic stress concentration
factors between 2.=4 and 3.92, are available in Ref. [12] and from tests done at the University
of Dayton Research Institute (UDRI). These data include several levels of maximum nominal
stress, S,_x, for titanium 6AI-4V.
Two loading histories, Helix and maneuver, are used in fatigue life calculations. Helix Is a
standard helicopter loading spectrum obtained from Ref. [12], and the maneuver history was
obtained by the University of Dayton Research Institute (UDRI). These two histories are further
explained below.
Materials Properties Used
Figures 5 and 8 show strain vs. life and cyclic stress vs. strain data for the titanium 6AI-4V
material used, and also curves corresponding to Eqs. 1 or 3 fitted to the data. Constants cor-
responding to these curves are given in Table 2 for constant amplitude tests and also for tests
on prestrained material. Some constant amplitude tests were done at Virginia Tech on the
same material. These data are also shown in Figs. 5 and 8, and they agree well with the data
obtained from Ref. [13] and also with the fitted constants. In the case of the prestrained ma-
terial, the data and constants were obtained from Ref. [14].



























Figure 8. Cyclic stress-strain test data and curves for TI-6AI-4V
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Table2. Cyclicstress-straina d strain-life constants for 116AI-4V
Symbols, Units Titanium 6AI-4V
Const. Ampl. Prestrained
E, GPa (ksi) 113.8 (16500) 113.8(16500)
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General Description of Helix
Helix [12] is a standard loading sequence for the main rotors of helicopters with articulated
rotors. Helix represents a loading history for a 190.5-hour (2,132,024 cycle) sequence of 140
flights. Each flight in the sequence represents one of either training, transport, antisubmarine
warfare, or search and rescue. Each of these appears in the sequence in three different
lengths of 0.75 hour, 2.25 hours, and 3.75 hours. There are twelve unique flights, which are
applied in a specific number of repetitions and sequence to obtain the total 140 flights. Figure
9 shows the load vs. time history for portions of a transport flight in Helix.
Helix is composed of 24 unique maneuvers, which are repeated in various sequences and
numbers of repetitions to compose the various flights. The maneuvers such as take off, for-
ward flight of various load levels, turns, etc. each consists of a mean level and a relatively
small number of cycles. These cycles occur at one or more stress amplitudes, with the num-
ber of cycles being between 1 and 40.
Helix has a relatively high mean levels for the various maneuvers, these mostly ranging from
60 % to 68 % of the maximum nominal stress in the spectrum, S_x. Helix reaches 100 % of
the Sr_,xlevel at least once in each flight and returns to -20 % at the end of each flight. Hence,
Helix has a large ground-air-ground cycle and a large number of cycles at relatively high
mean levels. Table 3 gives the range-mean matrix for Helix from rain-flow cycle counting. The
matrix entries in Table 3 were obtained from all of Helix by dividing each by 140, the number
of flights. These range and mean values correspond to the history scaled so that Sm,x= 1OO
units.












Figure 9. Example of the loading history for portions of a transport flight in Helix [12]
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Table3. Range-meanmatrixforHelixfromrain-flowcycle counting
Nesn
Range 40 44 48 52 56 60 64 68 72 ALL
4 0 0 0 1 0 2 16 2
8 0 0 0 0 I 0 4 0
12 0 0 0 0 0 0 2 0
16 0 0 0 0 0 0 0 0
20 0 0 0 0 0 I 0 0
24 0 0 0 0 0 0 0 0
28 0 0 0 0 0 0 2 0
32 0 0 0 0 0 0 0 0
36 0 0 0 I 0 0 0 I
40 0 12 0 43 30 1742 1348 27
44 0 0 0 I 6 I 0 I
48 0 0 0 14 5 453 26i3 155
52 0 0 0 0 0 5 20 1
56 0 0 0 24 6 65 7785 460
60 0 0 0 0 I 0 15 0
64 0 0 0 6 8 30 6 24
68 0 0 0 i I 0 0 0
72 0 0 0 10 4 28 0 0
76 0 0 0 i i ! 0 0
80 0 0 0 1 1 S 0 0
84 0 0 0 0 0 0 0 0
88 0 0 0 0 I 0 0 0
92 0 0 0 0 0 0 0 0
96 0 0 0 0 0 0 0 0
I00 0 0 0 0 0 0 0 0
lo4 o o o o o o o o
108 0 0 0 0 0 0 0 0
112 0 0 0 0 0 0 0 0
116 0 0 0 0 0 0 0 0
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General Description of Maneuver History
A loading history for the tail rotor pitch beam of an AUH-76 helicopter was selected as repre-
sentative, and loading histories from each of 30 distinct severe maneuvers were assumed to
,
occur once each in a specific sequence. This produced a loading history containing 33,470
cycles, which was then modified by UDRI to eliminate minor events, shortening it to 8777 cy-
cles, that is, 8777 peaks and 8777 valleys. This new history is called the modified maneuver
history. Figure 3 shows about one third of the modified maneuver history. Figure 4 shows the
complete range and mean matrix from the rain-flow cycle counting. Note that the maneuver
history is scaled so that the highest load is 1 unit, which results In the lowest load being -0.516
units; therefore, the overall range is 1.516 units.
Fatigue life calculations were done for both the original and modified histories for titanium
6AI-4V. It was found that the differences are small, and the two histories appear to cause the
same damage; therefore, all further testing and analysis is based on the modified history.
Upper-Lower Bound Analysis of Helix
Faligue lives for the plate-with-hole specimens of titanium 6AI-4V subjected to Helix were
calculated using the simplified'(upper-lower bound) version of the local strain approach. As
already discussed, only the rain-flow matrix of the history is required as input information for
fatigue life analysis.
Rather than analyzing all of Helix as a single loading history, it is expedient to analyze each
of the twelve unique flights separately. Therefore, the first step is to determine the rain-flow
matrix of each unique flight. Then, by using these matrices, upper and lower bounds can be
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determinedfor eachuniqueflight. These lives then combine to obtain overall bounds by con-
sidering the number of tlmes each unique flight is repeated in Helix. Note that this combining
of flights works because all of the flights return to the -20% level. This gives a common mini-
mum stresses and strains locally at the notch for each flight, which results in no sequence
effects from one flight affecting another.
Another option is also available for predicting the lives. In this option only one matrix is used
which is derived from all of Helix. Comparison between these two options shows no signif-
icant difference; therefore, the simpler one of a single matrix was adopted. Hence, the rain-
flow matrix for an average flight in the form of Table 3 is used for the purpose of calculating
the upper and lower bounds on life.
The resulting calculated lives are plotted in Fig. 10 and are given in Table 4. Note that one
curve is based on constant amplitude strain-life data, and the other on prestrained data. Fig-
ure 10 plots k, S,_,_ so that the data for various kt can be shown on the same plot. This is ex-
pected to be valid based on Neuber's rule, Eq. 2, as long as net section yielding does not
occur, in which case Eq. 2 is not valid.
The data obtained from RAE scatter over a broad range, and the lives tend to be longer than
those obtained from UDRI. Also, from Fig. 10, general agreement is obtained between data
and analysis.
Upper and Lower Bound Analysis of Maneuver History
Figure 11 shows the calculated results as well as test data. Table 5 gives the calculated lives
for notched specimens (kt= 2.5). Reasonable agreement is obtained by comparing the test
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Figure 10. Analysis of Helix compared to test data for Ti 6AI-4V: The lines shown are middles
of bounds.
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Table 4. Calculated flights to failure for Helix for notched specimens (kt = 2.5)
S_x, MPa (ksi) Helix
(net area) Lower Bd. Upper Bd.
(a)Ti 6AI-4V, Const. Ampl. Strain-Life Curve
317 (46) 26193 26213
358 (52) 4415 4433
857 876407 (59)
455 (66) 221 240
517 (75) 46.9 62.8
(b) Ti 6AI-4V, Prestrained Strain-Life Curve
317 (46) 681 687
455 (66) 32.7 36.0
517 (75) 11.8 13.9
530 (77) 9.59 11.5
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dataandthe calculatedvalues,especiallywhenprestraineddataareused.An exceptionis
atthe loweststresseswherethesecalculationsareconservative.
Figure12showsthe distributionof numbersof cyclesvs. ranges. Duringthe determination
ofthe fatigue lives, it was noted that most of the fatigue damage was done by the higher range
levels, and none by the lower levels. In this regard, it was also noted that a potentially large
saving of test time can be realized by eliminating lower level non-damaging stress cycles from
the load history. Therefore, a rain-flow filtering was done on the maneuver history.
The basis of this filtering was the fatigue "damage", more properly called the usage fraction,
which is obtained from the P-M rule calculation, usage fraction is defined as:
n i
Ni
usage fraction - I (6)
ni
i=1
where n, Is the number of cycle applied at a stress level corresponding to life N,, and I is the
number of different discrete stress levels. Figure 13 shows the usage fraction at each level vs.
range for the modified history.
As is evident from Figs 12 and 13, most cycles occur at the lower ranges, whereas most
damage is estimated to be done at higher ranges. Therefore the modified history was short-
ened by filtering all the ranges less than 0.45 units, that is, 30 % of the largest rain-flow range
of 1.516 units. This filtered hislory contains 510 cycles, that is, 510 peaks and 510 valleys.
Figure 14 shows the filtered history. By filtering the lowest stress levels of the modified history,
the usage fraction is decreased only slightly, specifically by about 1%.
Note that both modified and filtered histories produce similar fatigue lives, since most of the
damage is done at higher levels that are not filtered out in the latter. Also, from Fig. 11 com-
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Figure 11. Analysis of maneuver history compared to test data for 1"16AI-4V: The lines shown
are middles of bounds.
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Figure 12. Number of rain.flowcycles vs. range for the modifiedmaneuver history
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Figure 13. Usage fraction vs. range of rain-flow cycles for the modified maneuver history
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Figure 14. The filtered maneuver loading history
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parison of the test data for modified and filtered history at one stress level, where both were
tested, shows quite good agreement, which indicates that the filtering was a success.
Discussion
The Helix spectra is typical of a case where the bounds would tend to be relatively widely
separated. This is due to most of damage being done at a relatively low level within the
spectrum. However, even in this unfavorable situation, the bounds are reasonably tight for
both Helix and maneuver:history. For reai_irregular loading histories , Wide separation of
bounds is not likely to very often be a difficulty with this approach.
From Figs. 10 and 11, it is seen that the calculated lives and the test data are in good agree-
ment when the prestrained data are used. The only exceptions are in the lowest levels, where
the data approach or even exceed the calculation based on the constant amplitude strain-life
data. The reason lot this trend appears to be that these stress levels are so low that even the
highest stress level (ground-air-ground) is approaching the endurance limit, and no prestrain
effect due to this highest level occurs. The interpretation is made that when the major cycle
is sufficiently low, an endurance limit is expected for the spectrum loading. Based on the
above discussion, small cycles with amplitudes below the endurance limit can cause fatigue
damage if preceded by a major cycle substantially above the endurance limit.
The calculated lives tend to be reasonably accurate at high stress levels, although there is
considerable scatter. For Helix on titanium, the highest stress levels used were limited due to
static failure, even though the most damaging level was still relatively low. This contrasts with
the situation for the maneuver history, where the most damaging levels were calculated to
be those near the maximum rain-flow range in the history. (see Fig. 13)
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Table5. Calculatedrepetitionstofailureformaneuverhistoryfornotchedspecimens(kt :2.5)
Sin,x, MPa (ksi) Modified Sequence
(net area) Lower Bd. Upper Bd.
(a)Ti 6AI-4V, Const. Ampl. Strain-Life Curve
276 (40) 67700 67700
327 (47) 7940 7940
379 (55) 1410 1410
455 (66) 291 315
586 (85) 59.3 68.9
827 (120) 6.14 13.8
(b) Ti 6AI-4V, Prestrained Strain-Life Curve
276 (40) 8770 8930
379 888 934(55)
827 (127) 7.89 14.1
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Similarcomparisonsfrom previous work [3] for Helix applied to notch specimens of an alu-
minum alloy are shown in Fig. 15. The trends are the same as for titanium, reinforcing the
comments just made.
The above discussion and comparisons between test data and calculated lives suggest that
the upper and lower bound approach represents a useful method with distinct advantages for
predicting fatigue crack initiation.
Conclusions and Recommendations
The following conclusions and recommendations are drawn based on the above analysis and
discussion:
. Overstrain effects caused by the higher stress levels in a load spectrum need to be con-
sidered since these increase damage at the lower stress levels. This is especially true for
cycles below the endurance limit where some cycles in the load spectrum are above the
endurance limit.
. The simplified version of the local strain approach (upper and lower bounds) should be
used more widely, since only a rain-flow matrix is required as input information, and since
it is easy to program on a digital computer. This approach is more economical than
analysis of the large amount of data involved in full time sequence load histories. Based
on the comparison of test data and calculated lives, the accuracy of the simplified method
was either reasonably accurate or conservative depending on the S,_°x level.
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Figure 15. Analysis [3] of Helix compared to test data [12] for 2024-T4 aluminum notched speci-
mens with k =2.5: The curves represent full analysis based on local strains, and the
bounds fror_ the simplified method are also shown.
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APPENDIX A
COMPUTER PROGRAM FOR UPPER/LOWER
BOUNDS ON LIFE ANALYSIS
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A computer program (UPLO) for predicting upper/lower bounds on life
is provided. The program takes the result of rainFlow counting in the
form oF a matrix, that is, given numbers of cycles at each combination
of range and mean values, and then uses this information by appling a
local strain approach method to place upper and lower bounds on life.
The input values are defined, and one example problem is attached.
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PROGRAM PROCEDURE OF UPPER/LOWER BOUND CALCULATIONS ..........















Consider a notch member as in Figure A-la, subjected to an
irregular variation of nominal stress, S, with time. The goal is to
predict the upper and lower bounds on life. A simplified version of
local strain approach described in Reference A-I was used to predict the
upper and lower bounds on life. The first step is to summarize a
lengthy history, using the rain-flow counting method, into a compact
form of a matrix giving combinations of range and mean values. This
step must be done using a rain-flow computer (RAINF) program which feeds
its output to the upper and lower bounds program as data. The above
matrix is then used with the local strain approach to place upper and
lower bounds on life that would result from the analysis of the original
unsummarized history. The principle behind this bounding is illustrated
by Figure A-2 with the aid of Figure A-I.
The computer program explained in this manual is the same program
that was previously used in Reference A-2.
A-4
Figure A-I - Illustration of local strain approach for an irregular
load vs. time history. Notched member {a), having cyclic stress-strain
and load-strain curves as in {b), is subjected to load history (c). The
resulting load-strain response is shown in (d) and the local notch
stress-strain response in (e).
/k-5
(o) s _..._ I
51p ....
/ .P-_ s,o- F





Figure A-2 - Illustration based on Fig. 1 of placing bounds on the
mean stress of a subcycle when the sequence of the applied loads is not
known. The mean stress for cycle 6-7 must lie between the values of
%A and OoB .
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DETAILS OF EQUATIONS
The equations associated with the program are listed below to
provide necessary information for the user.
I. Cyclic stress-strain curve:
°a °a I/s




oa = stress amplitude
Ea = strain amplitude
E = elastic modulus
A = cyclic strength coefficient







+ _'f(2N ) (2)
o' = fatigue strength coefficientf
b : fatigue strength exponent
' = fatigue ductility coefficientE f
c = Fatigue ductility exponent
N = life in cycles for zero mean stress
Life equation due to Morrow, considering the effect of mean stress:
* °o - I/bN : N (i- 7) (3)
°f
where
N = final life





per block N_i = I (4)
where
ni = number of occurrences of a cycle corresponding to life Ni
B = unknown number of blocks to failure
Neuber's rule:
(kt Sa )2
°aEa = E (5)
where
kt = stress concentration factor
Sa = nominal stress amplitude
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PROGRAM PROCEDURE OF UPPER/LOWER BOUND CALCULATIONS
The detailed procedure of the upper/lower program is given below.
The example of cycle 6-7-6' of Figure A-1 is further employed as an
example with the aid of Figure A-2.
It is convenient to write Equations i and 5 in general form without
subscripts:
= olE = (olA) 11s (6)
(ktS)2
oE : E (7)
The values of the constants E, A, s and kt are of course unchanged.
Combining Equations 6 and 7 gives a relationship involving only
strain, _, and nominal stress, S.
ktS 2 (ktS)2.1/s
[T] + I (B)
Considering Figure A-2, the goal is to determine the bounds on mean
stress, such as OoA and OoB. Point I corresponds to the maximum load in
the history and 4 to the minimum load in the history. As a convenience,
it is assumed that the largest absolute value of load is positive. If
not, then what follows will need to be modified with appropriate sign
changes. Note that the load history is known, which implies that S
values are known For all calculations, so that the unknowns are the
and _ values. These calculations take advantage of the Fact that
various loop curves in either Figure A-2a or b have the same shape,
which is that of the corresponding curve from Figure A-I expanded with a
scale factor of two.
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To obtain the unknownsfor point I let
s = sI (ga)
= cI (9b)
o = 01 (gc)
Substitute Equation 9 into Equation 6 and 8, and solve for EI from
Equation 8. Then using Equation 6, solve for 01 . Equations 6 and 8
are solved by Newton's method, as direct solutions are not possible.





c = 2 (lOb)
a°l_4
o : 2 (lOc)
Using a parallel procedure to that just described, a_l_ 4 and aOl_ 4 are
obtained. Then the stress and strain at point 4 are
_4 = _1 - AEI-4 (11a)
a4 = el - aOl-4 (11b)
To analyze the range of minor cycles, such as 6-7, let
AS6_ 7







Using the same procedure, At6_ 7 and Ao6_ 7 are determined.
Once the stress and strain at points 1 and 4 are obtained, the
points of attachment of loops A and B in Figure A-2 must be determined.
In order to determine point of attachment of loop A, let




E _ " 2
oI - oA
o- 2 (13c)
Then substitute Equation 13 into Equations 6 and 8 and obtain EA and
oA . Then to find the point of attachment of loop B, let
SB - S4 (t4a)S - 2
_B - E4
E- 2 (14b)
°B - °4 (14c)
o - 2
Again substituting into Equations 6 and 8, obtain EB and oB .
A-1!
The bounds on mean stresses are then
A°6_ 7
°oB = °B - 2 (15a)
Ao6_ 7
°oA = °A +T (15b)
Next, into Eq. 2 substitute
At6_7
Ca= 2 (L6)
and obtain N, the life for zero mean stress. Finally, substitute this
N* and OoB into Equation 3 to obtain the lower bound in life, N, for
cycle 6-7-6'. Similarly, substitute N* and OoA to get the upper bound
on N.
Following a similar procedure for all cycles smaller than the major
one then allows the P-M rule, Equation 4, to be employed once with all
of the lower bound N values, and a second time with all of the upper
bound _ values, to obtain bounds on the calculated number of blocks
(repetitions) to failure, B.
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DEFINITION OF INPUT DATA
Line No.
Of Read Variable
Statement Name Explanation Comment
3 L (Number of columns)x(number of rows)
in the range/mean matrix
4 KT Stress concentration factor, kt















Lowest mean value in the matrix
Number of columns (mean values)
in the range/mean matrix
Constant increment between mean values
Lowest range value in the matrix
Number of rows (range values) in the
range/mean matrix
Constant increment between range values
All these values
should be the same












9 MM ( ) Elements of the matrix in one
dimensional form
Note: Other consistent stress units may replace ksi for E, A, o_, and AMAX.
other inputs are dimensionless.











A-I° Dowling, N. E., and Khosrovaneh, A. K., "Simplified Analysis of
Helicopter Fatigue Loading Spectra," Development of Fatigue
Loading Spectra, ASTM STP 1006, J. M. Potter and R. T. Watanabe,
Eds., American Society for Testing and Materials, Philadelphia,
1989, pp. 150-171.
A-2° Berens, A. P., Gallagher, J. P., Dowllng, N. E., Khosrovaneh, A.
K., and Thangjitham, S., "Helicopter Fatigue Methodology, Vols. I
and If," Report No. USAAVSCOM TR 87-D-13A and 13B, U. S. Army
Aviation Applied Applied Technology Directorate, Ft. Eustis, VA,
1987.
A-3° Edwards, P. R., and Darts, J., "Standardized Fatigue Loading
Sequences for Helicopter Rotors (Helix and Felix), Parts 1 and
2," Report Nos. TR84084 and TR84085, Royal Aircraft Establish
ment, Ministry of Defense, Farnborough, Hants, England (Also ICAF
Document No. 1442), 1984.
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EXAMPLE PROBLEM
A rainflow matrix of combinations of range and mean values for the
standard helicopter load spectrum Helix IA-3] is used to determine the
upper and lower bounds on life. Table A-1 shows this matrix which
contains 30 rows and 9 columns. Table A-2 shows the input for this
example. The entire program listing and output are also attached as
Table A-3. The output lists the upper bound mean stresses, such as
OoB in Figure A-2b and also the lower bound mean stresses, such as
OoA in Figure A-2b. It also gives the percentage of the total "damage,"
that is, the Palmgren-Miner usage factor, corresponding to the upper and
lower bound mean stress cases for each particular combination of nominal
stress range and mean.
The load scale Factor AMAX is selected to scale the load history to
any desired magnitude. To select a value, it is necessary to know how
the original rainflow matrix used as input is scaled. AMAX is
specifically the constant which the values in the input matrix are
multiplied by to obtain the desired nominal stresses, S. For this
example, the largest cycle has a mean value from the matrix of 0.40 and
a range of 1.20. Hence, its maximum is 1.00 and its minimum is -0.20.
If a load scale factor of AMAX = 59 is chosen, this causes the analysis
to be done For Sma x = 59xi.00 = 59.0 ksi, which corresponds to the
largest range in the load history being AS = 59xi.20 = 70.8 ksi.
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Tabie A-I. Range-Mean.Matrix For Helix from Rain-Flow Cycle Counting
(CYcles per Flight, Average)*
Mean
R__ange .40 .44 .48 .52 .56
...... =
.60 .64 .68 .72 ALL
.04 0 0 0 I 0 2 16 2 0 21
.08 0 0 0 0 1 0 4 0 0 5
.12 0 0 0 0 0 0 2 0 0 2
.!6 0 0 0 0 0 0 0 0 0 0
.20 0 0 0 0 0 I 0 0 0 1
.24 0 0 0 0 0 0 0 0 0 0
.28 0 0 0 0 0 0 2 0 0 2
.32 0 0 O 0 0 0 0 0 0 0
• 36 0 0 0 i 0 0 0 i 0 2
.40 0 12 0 43 30 1742 1348 27 223 3425
.44 0 0 0 I 0 I 0 i 0 3
.48 0 0 0 14 5 453 26!3 155 12 3252
.52 0 0 0 _.0 0 5 20 I 0 26
.56 0 0 0 24 6 65 7785 460 4 8344
.6o o o o o i o 15 o o 16
.64 0 0 0 6 8 30 6 24 0 74
.68 0 0 0 I i 0 0 0 0 2
.72 0 0 0 I0 4 28 0 0 0 42
.76 0 0 0 I I ! 0 0 0 3
.80 0 0 0 I I 5 0 0 0 7
.84 0 0 0 0 0 0 0 0 0 0
.88 0 0 0 0 I 0 0 0 0 I
.92 0 0 0 0 0 0 0 0 0 0
.96 0 0 0 0 0 0 0 0 0 0
•100 0 0 0 0 0 0 0 0 0 0
t.o4 o o o o .....0 o 0 o 0 o
i.o8 o o o o o o o o o o
1.12 o o o o o o o o o o
1.16 0 0 0 0 0 0 0 0 0 0
1.20 I 0 0 0 0 0 0 0 0 I
ALL I 12 0 103 59 2333 11811 671 239 15229
*The matrix entries were obtained from those for all of Helix by dividing each by 140, the
number of flight_.
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UPPER/LONER LIFE PREDICTION PROGRAM (UPLO)
INPUT
DATA LINE 1. L=NO OF COLUMNSNNO OF ROWS IN THE RANGE/
MEAN MATRIX.
DATA LINE 2. KT=STRESS CONCENTRATION FACTOR.
DATA LINE 3. AMAX=LOAD SCALE FACTOR .(KSI)
DATA LINE 4. RMMIN=LOHEST MEAN VALUE IN THE MATRIX.
LEVLM=NO OF COLUMNS(MEAN VALUES) IN THE
RANGE/MEAN MATRIX.
XIM=CONSTANT INCREMENT BETWEEN MEAN VALUES.
RMIN=LOHEST RANGE VALUE IN THE MATRIX.
LEVLR=NO OF ROWS(RANGE VALUES)IN THE RANGE/
MEAN MATRIX.
XIR=CONSTANT INCREMENT BETWEEN RANGE VALUES.
THE ABOVE VALUES SHOULD BE THE SAME AS THE VALUES
IN THE RANGE/MEAN RAINFLOW MATRIX USED AS INPUT.
DATA LINE 4. EM=ELASTIC MODULUS(KSI)
A=CYCLIC STRENGTH COEFF(KSI)





DATA LINE 5. MM( )=ELEMENTS OF MATRIX IN ONE DIMEN-
SIONAL FORM.


































































3Z DO 960 I=I,IKK









42 DO 909 I=I,IK
43 909 SLL(I)=(XZ(I)-Y2(I))/2.
44 NLOAD=IK
45 DO 911 I=I,IK
46 SMAXI(1)=X2(1)
47 IF(SMAXI(I).GT.Y2(I)) GO TO 912
48 SMAXI(I):Y2(I)
49 SMINI(I):X2(I)


































Table A-3 (3rd page)
78 SPRMI=(SMAXI(I)-SMZN)/2.
79 C=((SPRMI_KT)NN2)/EM




















100 DO 1099 Z=I,ZK
101 1099 SD(I)=2.WSLL(Z)
102 NRZTE(6,330)
103 90 1400 Z=I,NLOAD
104 ER=VV(Z)
CWW_WWW_WWX_WXWW_MXXN_WXXWXX_NXWWWWWWWKX
C UPPER/LONER LIFE PREDICTION
105 CALL LIFE (ER,SFP,BS, EFP,CS,EM, XNFF)
106 XNF(I)=XNFF
107 1400 CONTINUE






























































































300 FORMAT(tlm,/12X, WELASTIC MODULUS(KSI)=%F7.0//1ZX,
X'FATIGUE STRENGTH COEFFICIENT(KSI) =',F6 1//12X,
X'FATZGUE STRENGTH EXPONENT =_,F7 4//12X,
_'FATIGUE DUCTILITY COEFFICIENT =%F8 4//12X,
X'FATIGUE DUCTILITY EXPONENT =%F7 4//12X,
_'CYCLIC STRENGTH COEFFiClENT(KSI) =t,F6 1//12X,
_'CYCLIC STRAIN HARDENING EXPONENT =t,F6 3//12X,
_'LOAD SCALE FACTOR =I,F6 3)
310 FORMAT('I',//,1ZX,'MAX LOCAL STRESS(KSI)=t,F9.3,//,12X,
_tMAX LOCAL STRAIN=',F9.S)
320 FORMAT(//,1ZX,'MIN LOCAL STRESS(KSI)=V,F9.3,//,1ZX,
_'MIN LOCAL STRAINW,F9.5)
330 FORMAT(/12X,'NOMINAL%3X,'NOMINAL,,ZIX, ILONERt,4X, wUPPER, $X,
X'PERCENTt,3X, WPERCENTI,
_/13X, WSTRESSI,4X,'STRESSW,21X,'MEANI,5X, IMEANt,4X, tOF TOTAL v,
_2X,'OF TOTAL I,
_/14X, IRANGEW,5X, IMEANI,4X, tSTRAZNW,4X, tNO OFI,3X, ISTRESSW,3X,
_'STRESSI,2X, WLONERI,SX, tUPPER I,
_/14X, W(KSZ)t,5X, I(KSI)t,2X, IAMPLZTUDEI,2X, ICYCLESt,2X, t(KSZ)W,
x4X,'(KSI)g,3X, tDAMAGEI,4X, WDAMAGEW)
34 FORMAT(12X, F7.Z,3X, F7.Z,SX,FS.5,ZX,IS,ZX, F7.3,2X, F7.3,3X, FS.2,
X5X,F5.2)
350 FORMAT(//,12X, WLONER LIFE BOUND=W,E11.3)
























































Table A-3 (6th page)
ELASTIC MODULUS(K$Z) = 15838.








































































LOHER UPPER PERCENT PERCENT
MEAN MEAN OF TOTAL OF TOTAL
NO OF STRESS STRESS LONER UPPER
CYCLES (KSI) (KSI) DAMAGE DAMAGE
1 53.778 54.296 0.00 0.00
2 65.578 66.093 0.00 0.00
16 71.478 71.990 0.00 0.00
2 77.378 77.885 0.00 0.00
1 59.678 60.194 0.00 0.00
4 71.478 71.988 0.00 0.00
2 77.378 77.881 0.00 0.00
2 71.478 71.985 0.00 0.00
1 65.578 66.085 0.00 0.00
2 71.478 71.960 0.00 0.00"
1 53.778 54.285 0.00 0.00
1 77.378 77.793 0.00 0.00
12 41.979 42.492 0.00 0.00
43 53.778 54.281 0.00 0.00
30 59.678 60.169 0.00 0.00
1742 65.578 66.049 0.11 0.11
1348 71.478 71.916 0.14 0.1¢
27 77:378 77.765 0.00 0.00
223 83.278 83.584 0.07 0.07
1 53.778 54.276 0.00 0.00
1 65.578 66.034 0.00 0.00
1 77.378 77.729 0.00 0.00
14 53.779 54.269 0.00 0.00
5 59.678 60.149 0.00 0.00
453 65.578 66.016 0.30 0.31
2613 71.478 71.865 2.89 2.92
155 77.378 77.684 0.29 0.29
12 83.278 83.461 0.04 0.04
5 65.578 65.993 0.00 0.00
20 71.478 71.829 0.06 0.06
1 77.378 77.629 0.00 0.00
24 53.779 54.249 0.05 0.05
6 59.679 60.116 0.02 0,02
65 65.578 65.965 0.33 0.33
7785 71.478 71.78¢ 64.88 65.23
460 77.378 77.561 6.50 6.47
4 83.278 83.278 0.10 0.10
1 59.679 60.093 0.00 0.00
15 71.478 71.729 0.31 0.31
6 53.780 54.216 0.07 0.07
8 59.679 60.065 0.14 0.14
30 65.578 65.884 0.87 0.87
6 71.478 71.661 0.29 0.29
24 77.378 77.378 1.95 1.91
1 53.781 54.194 0.02 0.02
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1 59.680 60.029 0.04
10 53.782 54.165 0.52
4 59.680 59.984 0.33
28 65.579 65.762 3.78
1 53.784 54.129 0.11
I 59.681 59.930 0.17
1 65.579 65.679 0.27
1 53.785 54.085 0.21
1 59.681 59.863 0.33
5 65.579 65.579 2.69
1 59.682 59.682 1.15
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COMPUTER PROGRAM FOR RAIN-FLOW CYCLE COUNTING ANALYSIS
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A computer program (RAINF) for rain-flow cycle counting analysis is
provided. The program can take a lengthy load history and reduce it to
the compact form of a matrix giving combinations of range and mean or
peak and valley values. This information can be Used for fatigue analy-
sis. The input values are defined and five examples using different
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Rain-flow cycle counting is a method that exists for reducing
service load history records to a compact description so that the infor-
mation can be used in analysis for fatigue. The compact description is
in the form of a matrix giving combinations of range and mean, or peak
and valley values. This method is widely accepted as the most accurate
cycle counting method for predicting fatigue life based on a cumulative
damage type of approach. The rain-flow method cannot be misled by any
synthetic load sequences and will always count the cycles correctly,
based on the fact that closed hysteresis loops are most representative
of a fatigue damage event.
Figure B-I illustrates rain-flow cycle counting. As shown in this
example, the rain-flow method has the important characteristic that it
counts the major load excursions as cycles, while also counting the
minor events. This feature allows it to realistically handle real
service loading where there are low level vibratory loads, etc.,
superimposed on major cycles associated with the usage of the machine,
vehicle or structure, such as ground-air-ground cycles in aircraft.
The computer program explained in this manual is the same program









































The following logic is used consistent with the ASTM standard
[B-21: Let x denote the absolute value of the range under consideration,
and y previous absolute range adjacent to x.
Step I: Determine the maximum absolute value in the history.
that this value can be either a peak or a valley.)
(Note
Step 2: Arrange the history to start with the maximum absolute value.
Move all peaks and valleys which occur prior to the maximum to the end
as illustrated in Figure B-la.
Step 3: Read the next value. If out of data, go to step 9.
Step 4: Three points are needed to define x and y. If there are less
than three points, go back to step 3. Define x and y using the three
most recent peaks and valleys that have not been discarded.
Step 5: Compare the two ranges, namely × and y.
a) If x < y, go to step 3. b) If x _ y, go to step 6.
Step 6: If a rain-flow Filtered history is not desired, go to step 8.
Step 7: IF y _ filter level specified in the program Input, then
discard the peak and valley of the range y in the array in memory which
is the original history of step 2.
Step 8: Count range y as one cycle, determine the mean value of the
peak and valley of y, discard the peak and valley of y in the array set
up in step 3, and go to step 4.
Step 9: Stop.
B-6
DEFINITION OF INPUT DATA
Line No. of













= 2 List range, mean, min,
and a max of rain-flow
cycles not in matrix form.
= 3 Print range/mean matrix of
rain-flow cycles.
= 4 Print max/min 32x32 matrix of
rain-flow cycles.
Filter level as a range
value
Number of peak/valley points in
history
Constant increment between mean
values in the range/mean matrix
Constant increment between range
values in the range/mean matrix
Input load history as peaks and
valleys in sequence
Integer
The history is con-
verted to a min





OPTION = I or 3.
Required only for
OPTION = i or 3.
History must start




B-I. Berens, A. P., Gallagher, J. P., Dowling, N. E., Khosrovaneh, A.,
K., and Thangjitham, S., "Helicopter Fatigue Methodology, Vols. I
and If," Report No. USAAVSCOMTR 87-D-13A and 13B, U. S. Army
Aviation Applied Technology Directorate, Ft. Eustis, VA, 1987.
B-2. "Standard Practice for Cycle Counting in Fatigue Analysis," 1986
Annual Book of ASTM Standards, Vol. 03.01, Standard No. 104g, pp.
836-848.
B-3. Fatigue Under Complex Loadinq: Analyses and Experiments, R. M.
Wetzel, Editor, The Society of Automotive Engineers, Warrendale,
PA, Vol. AE-6, 1977.
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EXAMPLE i
The history of Figure B-I is used for this rain-flow cycle counting
example. Option 2 of the program is used; therefore, the result is
shown as a list of range, mean, minimum, and maximum values. Table B-1
shows the input for thls example. The entire program listing and
program output for this example are attached as Table B-2.
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RAIN-FLOH COUNTING PROGRAM (RAINF)
NOTE THAT THE HISTORY MUST START AND END NITH THE SAME VALUE.
INPUT




LIST FILTER HISTORY AS PEAK/VALLEY
SEQUENCE.ALSO PRINT RANGE/MEAN
MATRIX OF RAINFLON CYCLES FOR
ORIGINAL HISTORY.
=2 LIST RANGE,MEAN,MIN,AND MAX OF RAIN-
FLOH CYCLES NOT IN MATRIX FORM.
=5 PRINT RANGE/MEAN MATRIX OF RAINFLOH
CYCLES.
=4 PRINT MAX/MIN MATRIX OF RAINFLON
CYCLES.
FL=FILTER VALUE AS A RANGE
NN=NUMBER OF PEAK/VALLEY POINTS IN HISTORY
XIM=CONSTANT INCREMENT BETHEEN MEAN VALUES
IN THE RANGE/MEAN MATRIX.
XIR=CONSTANT INCREMENT BETNEEN RANGE VALUES
IN THE RANGE/MEAN MATRIX.
NOTE THAT XIM,AND XIR REQUIRED FOR OPTION=I OR 3











































































































































IF(I.LT.3) GO TO Z
J=J+l


















































































































IF(J.LT.1) GO TO 11






































































































































































































































1102 IF(OPTION.EQ.2)GO TO 999
MM(1)=RMHIN

















999 IF(OPTION.EQ.2)GO TO 997
1151 L=I
LB=8





1154 IF(OPTION.EQ.4)GO TO 604
GO TO 1150
604 NRITE(6,605)





































































FORMAT(//,5X,'TOTAL NO OF CYCLESBI,3XpZS)
CONTINUE
FORMAT(15X,'RANGEW,15X, WMEANV,15X, w MAXW,ZSX, I WIN w)
FORHAT(14X,F7.3,12X,F7.3,13X,F7.3_13X,F7.3)
FORMAT(Wl',//15X, IMZN RANGE=I,FS.3,//15X, IMAX RANGE=t,FS.3,
_//15X,'MIN MEAN=',FE.3,//15X,'MAX MEAN=',FS.3)
FORMAT(ll',//35X,'RAINFLOH CYCLES w)
FORMAT('I',//ZOX,'RAINFLOH CYCLES. FOR ORIGINAL HISTORY e)
FORMAT(/5X, eNO RANGE LESS THAN OR EQUAL TO
_,3×,tOCCUR IN FILTER HISTORY')





BY RAINFLON CYCLE COUNT
CSENTRY
B-76


























A history containing 41 peak/valley points is used with Option 2.
Tables B-3 and B-4 show the input and output of this program,
respectively.
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A history containing 1709 peak/valley points, called the SAE Trans-
mission History, is used with Option 3. Therefore, the results are
given in the form of a compact matrix containing range and mean values.
The results are in agreement with the published values from Reference B-
3. Tables B-5 and B-6 show the input and output for this example,
respectively.
Note that the size of the matrix is determined by the XIM and XIR
increment values, for mean and range, respectively, which are given to
the program as input data. The program determines the smallest range
and the lowest mean value. The increments are then added by the program
a sufficient number of times to include the largest range and highest
mean. Hence, the program automatically makes the matrix large enough to
include the largest range and highest mean. In this particular case,
the matrix size resulting from XIM = XIR = 50 is 27x20. Since the
smallest range is 200
200 + (27 - i)50 = 1500
which is sufficiently large to include the largest range of 1494.
Similarly, since the lowest mean value is -160,
-160 + (20 - I)50 = 790
which is sufficiently large to include the highest mean of 753.
Note that the number of cycles counted also appears in the
output. This is always related to the number of peak/valley points in
the history, NN, as follows:
NN - i
No. of cycles = 2
B-21
NN is always odd, since the last peak or valley, P(), is a repetition
of the first one, in this particular case
No. of cycles = !709 - i2 = 854
B-22




0 513 292 562 267 585 314 524 299 513 299 569 272 535
298 523 291 680 444 683 396 678 374 701 276 607 331 542
339 572 274 500 285 565 274 491 237 496 -76 142 -276 71
-309 19 -249 137 -93 658 275 534 240 612 360 690 315 689
306 698 417 666 392 699 374 701 368 659 345 650 403 610
393 637 400 618 285 630 385 616 374 703 -174 136 -331 334
98 510 151 542 84 642 398 651 -197 44 -197 125 -121 228
-17 631 387 657 408 623 218 553 291 640 408 693 453 657
356 642 400 698 330 571 337 689 395 647 377 594 227 631
299 682 411 663 404 629 306 631 $06 614 409 648 414 683
374 575 324 691 379 585 368 621 371 610 373 582 -8 240
-227 248 -205 285 -89 470 248 460 136 519 317 517 278 503
179 615 324 559 219 679 421 683 -254 84 -222 243 -19 495
270 629 291 560 351 657 243 608 373 663 269 653 156 663
443 690 249 612 229 602 339 738 231 498 237 614 -167 39
-261 437 192 503 103 682 201 589 226 480 135 561 347 548
149 494 260 661 158 467 -184 161 -105 555 248 449 132 712
276 .529 301 524 309 564 195 467 35 378 -294 188 -308 245
-211 607 41 526 205 506 218 513 249 603 261 712 506 727
194 400 -244 173 -276 610 405 615 360 642 403 641 353 556
340 655 433 669 422 662 457 796 403 671 78 549 285 616
376 690 18 731 108 578 282 629 170 748 181 578 342 604
261 585 330 694 349 614 313 521 290 533 266 565 291 645
-228 1 -286 157 -87 725 183 714 393 621 194 426 152 561
235 551 213 691 136 487 164 549 244 598 162 507 249 716
339 733 194 566 '191 120 -179 108 -119 181 -74 722 422 639
303 671 369 715 350 605 153 765 409 762 355 712 398 718
362 679 448 718 446 698 342 605 188 498 276 537 283 522
222 546 345 570 191 500 280 658 269 685 341 551 344 618
303 612 285 666 228 534 303 546 -110 110 -362 88 -199 173
-130 612 333 680 341 603 283 619- 30 406 206 470 260 717
218 487 190 573 270 476 265 607" 310 784 573 822 496 825
508 887 491 769 486 716 342 594 365 578 254 593 355 561
324 573 153 696 443 651 372 653 -256 39 -173 620 213 560
217 559 274 491 211 571 266 640 169 572 223 496 221 573
264 758 358 743 501 777 -161 57 -146 210 -13 216 -15 373
133 371 151 624 313 628 405 698 -202 !46 -92 483 141 551
229 551 207 533 271 554 218 532 210 630 179 489 266 618
408 650 328 599 -211 158 -204 68 -179 256 -108 114 -114 476
228 494 178 658 218 612 245 652 416 658 355 678 428 722
437 747 542 776 -201 405 188 707 408 640 422 648 415 727
393 610 387 722 417 720 476 688 484 691 360 570 -350 528
216 679 475 689 274 562 286 653 233 453 253 573 282 582
356 603 234 871 494 771 511 773 481 727 491 836 566 782
398 659 329 685 387 629 218 604 329 628 -248 274 -206 710
463 663 365 695 406 803 437 739 449 679 452 695 454 703
260 602 -330 34 -350 188 -180 309 -7 648 417 647 439 683
438 699 451 712 382 698 296 625 385 680 405 718 457 673
372 744 414 618 82 597 191 570 211 522 212 517 211 495
232 439 235 616 256 512 270 575 314 791 369 787 502 769
468 785 444 798 501 732 522 723 462 680 -264 68 -154 188
-14 242 13 582 291 618 227 537 285 555 224 545 329 588
374 647 242 561 353 694 433 753 -237 313 -147 226 -163 705
329 636 376 680 383 641 404 712 367 732 290 610 318 629
315 588 353 577 265 612 368 723 -183 267 -208 111 -153 473
271 576 365 618 395 605 -283 235 -172 687 242 521 299 532
B-23
Table B-5 (2nd page)
283 596 306 629 392 639 326 583 368 591 360 601 373 632
409 640 272 496 175 470 251 549 301 573 313 517 317 565
322 529 265 586 353 555 -215 251 -133 419 63 535 175 490
164 517 126 560 165 726 408 671 399 662 325 596 331 583
378 744 309 635 417 677 373 650 368 673 -189 242 -17 610
197 548 181 523 296 582 113 560 137 739 366 725 362 717
341 607 317 604 351 567 141 653 452 709 158 404 -280 253
-183 199 -28 425 167 620 400 669 381 706 401 652 382 725
365 812 395 695 416 758 469 671 374 763 514 757 265 519
27 637 212 566 275 526 325 593 141 511 135 693 412 657
281 533 -204 199 -185 136 -86 186 -18 206 -8 739 110 453
253 506 275 511 108 516 169 420 116 383 -8 299 66 292
-259 -22 -242 244 1 222 -17 221 -276 233 -194 226 -11 560
358 567 356 599 361 607 394 652 378 632 342 637 276 557
299 583 190 506 235. 570 299 557 334 582 255 544 240 636
270 619 228 583 371 593 373 589 377 626 426 648 250 647
293 717 417 701 320 709 385 701 427 682 286 601 175 559
285 533 310 535 319 555 326 564 -181 138 -219 251 7 443
102 490 263 534 45 693 398 678 329 671 433 696 283 554
189 489 -367 207 -276 -34 -263 149 -86 474 73 363 -419 -17
-240 -18 -219 181 -470 -19 -293 277 -259 292 -145 276 -1 227
1 566 117 516 148 415 -406 -19 -301 205 -330 632 231 433
178 582 331 835 490 748 355 693 475 722 441 742 437 730
419 722 416 769 442 775 501 701 449 685 431 632 425 646
415 683 341 769 485 738 421 762 485 696 374 591 356 639
356 675 426 705 449 688 479 770 251 484 45 282 -251 255
-320 438 222 639 251 647 431 707 469 789 400 669 334 546
342 705 374 684 427 698 368 645 358 625 373 652 409 634
322 624 368 659 392 748 355 675 362 667 447 755 349 683
315 693 330 607 226 744 443 754 503 709 427 703 274 516
258 588 141 457 221 428 -164 7& -251 526 313 725 314 582
212 733 318 629 357 752 458 791 492 717 403 727 369 603
277 636 358 562 229 770 535 840 544 792 318 522 -318 110
-233 288 -100 265 -120 703 14 592 162 530 229 577 217 613
164 593 319 632 398 623 250 789 256 475 -387 232 -347 133
-141 140 -129 544 303 644 358 642 365 673 336 889 365 669
447 813 506 817 537 776 524 749 542 868 545 871 415 690
471 789 487 706 452 669 192 512 -227 93 -189 518 293 594
89 576 362 789 191 449 151 478 238 501 104 786 299 832
610 829 530 734 -318 728 83 441 -7 511 46 895 405 877
609 876 630 888 527 797 -239 163 -102 632 11 811 390 855
271 578 324 675 221 632 362 733 420 803 -495 141 -296 100
-140 510 251 661 366 695 161 453 235 459 117 691 428 764
-247 217 -301 149 -207 157 -74 222 -66 280 -204 561 197 561
153 492 270 607 240 645 202 571 213 695 -448 103 -312 129
-138 508 304 603 67 626 342 601 286 576 221 721 315 636
304 669 337 605 367 567 280 514 -286 94 -133 355 36 458
146 506 294 577 -11 222 -341 94 -227 50 -156 329 19 585
165 398 176 822 561 801 553 776 -258 192 -125 464 211 730
_52 834 352 642 285 587 -222 233 -136 251 18 528 33 449
234 626 226 480 35 594 189 518 47 589 63 449 205 645
-229 336 87 798 529 753 51 412 188 999 411 942 486 757
394 830 464 732 330 800 452 689 329 712 421 690 378 870
462 782 116 653 -223 54 -223 130 -237 -33 -254 551 274 549
251 658 192 640 323 578 281 530 294 575 240 478 234 519
296 645 353 664 318 575 178 594 374 598 308 581 330 739
412 615 344 601 328 549 324 645 381 639 393 645 377 592
_94 538 297 535 251 503 286 656 427 635 394 640 378 653
392 614 358 608 313 513 244 844 365 607 406 620 387 609
346 572 259 543 269 498 269 570 309 513 151 506 221 582
B-24
Table B-5 (3rd page)
347 553 -277 50 -204 109 -256 164 -65 513 49 342 124 365
162 716 34 325 -249 507 -15 322 66 360 -158 83 -281 314
43 511 280 682 292 503 218 705 197 486 221 458 202 608
-325 -20 -242 508 254 478 192 631 408 716 350 567 258 592
367 658 408 623 264 587 371 589 285 632 368 599 318 589
309 512 260 571 346 725 261 487 192 593 293 539 189 5540
B-25






































-160.0 -110.0 -60.0 -I0.0 40.0 90.0 140.0 190.0
0 5 5 Z 2 5 0 0 175
2 2 5 8 9 9 5 5 244
1 0 5 3 2 1 3 5 134
1 1 3 3 2 3 0 1 91
0 I 1 1 Z 1 0 1 68
0 0 1 1 5 1 0 0 33
0 0 1 5 2 1 0 0 21
0 0 1 I 0 0 0 0 18
0 1 1 0 0 0 0 0 10
0 0 0 0 0 0 0 0 5
0 0 0 0 0 0 0 0 5
0 0 0 0 0 0 1 0 4
0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 1 2 8
0 0 0 0 0 0 0 0 4
0 0 0 0 0 1 0 0 7
0 0 0 0 0 0 0 5 9
0 0 0 0 0 0 0 2 9
0 0 0 0 0 0 0 0 5
0 0 0 0 0 0 0 0 $
0 0 0 0 0 0 1 0 $
0 0 0 0 0 0 0 0 2
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 1
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1
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2';0.0 290.0 540.0 590.0 440.0 490.0 540.0 590.0
5 5 11 24 30 33 25 14 i75
5 6 13 32 37 41 39 14 244
1 4 10 15 24 23 20 11 134
2 3 6 15 17 11 14 6 91
0 3 7 10 21 9 7 4 68
0 2 0 8 9 2 2 2 35
0 2 2 2 3 2 1 0 21
0 0 4 2 6 2 0 1 I8
0 0 2 2 3 1 0 0 10
0 0 2 1 0 0 0 0 3
0 0 2 0 1 0 0 0 3
0 0 i 1 1 0 0 0 4
0 0 0 0 0 0 0 0 0
3 1 0 0 0 0 0 0 8
5 1 0 0 0 0 0 0 4
4 2 0 0 0 0 0 0 7
5 1 0 0 0 0 0 0 9
5 4 0 0 0 0 0 0 9
2 3 0 0 0 0 0 0 5
3 0 0 0 0 0 0 0 5
1 1 0 0 0 0 0 0 3
2 0 0 0 0 0 0 0 2
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0





Table B-6 (4th page)
RANGE
RAINFLON CYCLES
640.0 690.0 740.0 790.0
200.0 6 2 I 0
250.0 I0 2 2 0
500.0 5 5 0 0
550.0 5 0 0 0
400.0 0 0 0 0
450.0 0 0 0 0
500.0 2 0 0 0
550.0 0 1 0 0
600.0 0 0 0 0
650.0 0 0 0 0
700.0 0 0 0 0
750.0 0 0 0 0
800.0 0 0 0 0
850.0 0 0 0 0
900.0 0 0 0 0
950.0 0 0 0 0
1000.0 0 0 0 0
1050.0 0 0 0 0
1100.0 0 0 0 0
1150.0 0 0 0 0
1200.0 0 0 0 0
1250.0 0 0 0 0
1500.0 0 0 0 0
1350.0 0 0 0 0
1400.0 0 0 0 0
1450.0 0 0 0 0
































The same history as Example 3 is analyzed using Option I. Tables
B-7 and B-8 show the input and output of this program, respectively.
The output includes the filtered history as a peak/valley sequence and
also the rain-flow cycles for the original history.
In this case, filtering at a range of 400 reduced the length of the
history from 1709 peaks and valleys to 361. The listing of the filtered
history alternates between peaks and valleys, or valleys and peaks, and
starts and ends with the largest absolute value. Note that range/mean
matrix printed is the same as for Example 3.
B-30





0 513 292 562 267 585 $14 524 299 513 299 569 272 535
298 523 291 680 444 683 396 678 374 701 276 607 331 542
339 572 274 500 285 565 274 491 237 496 -76 142 -276 71
-309 19 -249 137 -93 658 275 534 240 612 360 690 315 689
306 698 417 666 392 699 374 701 368 659 345 650 403 610
393 637 400 618 285 630 385 616 374 703 -174 136 -331 334
98 510 151 542 84 642 398 651 -197 44 -197 125 -121 228
-17 631 387 657 408 623 218 553 291 640 408 693 453 657
356 642 400 698 330 571 337 689 395 647 377 594 227 631
299 682 411 663 404 629 306 631 306 614 409 648 414 683
374 575 324 691 379 585 368 621 371 610 373 582 -8 240
-227 248 -205 285 -89 470 248 460 136 519 317 5i7 278 503
179 615 324 559 219 679 421 683 -254 84 -222 243 -19 495
270 629 291 560 351 657 243 608 373 663 269 653 156 663
443 690 249 612 229 602 339 738 231 498 237 614 -167 39
-261 437 192 503 103 682 201 589 226 480 135 561 347 548
149 494 260 661 158 467 -184 161 -105 555 248 449 132 712
276 529 301 524 309 564 195 467 35 378 -294 188 -308 245
-211 607 41 526 205 506 218 513 249 603 261 712 506 727
194 400 -244 173 -276 610 405 615 360 642 403 641 353 556
340 655 433 669 422 662 457 796 403 671 78 549 285 616
376 690 18 731 108 578 282 629 170 748 181 578 342 604
261 585 330 694 349 614 313 521 290 533 266 565 291 645
-228 1 -286 157 -87 725 183 714 393 621 194 426 152 561
235 551 213 691 136 487 164 549 244 598 162 507 249 716
339 733 194 566 -191 120 -179 108 -119 181 -74 722 422 639
303 671 369 715 350 605 153 765 409 762 355 712 398 718
362 679 448 718 446 698 342 605 188 498 276 537 283 522
222 546 345 570 191 500 280 658 269 685 341 551 344 618
303 612 285 666 228 534 303 546 -110 110 "362 88 -199 173
-130 612 333 680 341 603 283 619 30 406 206 470 260 717
218 487 190 573 270 476 265 607 310 784 573 822 496 825
508 887 491 769 486 716 342 594 365 578 254 593 355 361
324 573 153 696 443 651 372 653 -256 39 -173 620 213 560
217 559 274 491 211 571 266 640 169 572 223 496 221 573
264 758 358 743 501 777 -161 57 -146 210 -13 216 -15 373
133 371 151 624 313 628 405 698 -202 146 -92 483 141 551
229 551 207 533 271 554 218 532 210 630 179 489 266 618
408 650 328 599 -211 158 -204 68 -179 256 -108 114 -114 476
228 494 178 658 218 612 245 652 416 658 355 678 428 722
437 747 542 776 -201 405 188 707 408 640 422 648 415 727
393 610 387 722 4!7 720 476 688 484 691 360 570 -350 528
216 679 475 689 274 562 286 653 233 453 253 573 282 582
356 603 234 87I 494 771 511 773 481 727 491 836 566 782
398 659 329 685 387 629 218 604 329 628 -248 274 -206 710
463 663 365 695 406 803 437 739 449 679 452 695 454 703
260 602 -330 34 -350 188 -180 309 -7 648 417 647 439 683
438 699 451 712 382 698 296 625 385 680 405 718 457 673
372 744 414 618 82 597 191 570 211 522 212 517 211 495
232 439 235 616 256 512 270 575 314 791 369 787 502 769
468 785 444 798 501 732 522 723 462 680 -264 68 -154 188
-14 242 13 582 291 618 227 537 285 555 224 545 329 588
374 647 242 561 353 694 433 753 -237 313 -I47 226 -163 705
329 636 376 680 383 641 404 712 367 732 290 610 318 629
315 588 353 577 265 612 368 723 -183 267 -208 111 -153 473
B-31
Table B-7 (2nd page)
271 576 365 618 395 605 -283 235 -172 687 242 521 299 532
283 596 306 629 392 639 326 583 368 591 360 601 373 632
409 640 272 496 175 470 251 549 301 573 313 517 317 565
322 529 265 586 353 555 -215 251 -133 419 63 535 175 490
164 517 126 560 165 726 408 67! 399 662 325 596 331 5"83
378 744 309 635 417 677 373 650 368 673 -189 242 -17 610
197 548 181 523 296 582 113 560 137 739 366 725 362 717
341 607 317 604 351 567 141 653 452 709 158 404 -280 253
-183 199 -28 425 167 620 400 669 381 706 401 652 382 725
365 812 395 695 416 758 469 671 374 763 514 757 265 519
27 637 212 566 275 526 325 593 141 511 135 693 412 657
281 533 -204 199 -185 136 -86 186 -18 206 -8 739 110 453
253 506 275 511 108 516 169 420 116 383 -8 299 66 292
-259 -22 -242 244 1 222 -17 221 -276 233 -194 226 -11 560
358 567 356 599 361 607 394 652 378 632 342 637 276 557
299 583 190 506 235 570 299 557 334 582 255 544 240 636
270 619 228 583 371 593 373 589 377 626 426 648 250 647
293 717 417 701 320 709 385 701 427 682 286 601 175 559
285 533 310 535 319 555 326 564 -181 138 -219 251 7 443
102 490 263 534 45 693 398 678 329 671 433 696 283 554
189 489 -367 207 -276 -34 -263 149 -86 474 73 363 -419 -17
-240 -18 -219 181 -470 -19 -293 277 -259 292 -145 276 -1 227
1 566 117 516 148 415 -406 -19 -301 205 -330 632 231 433
178 582 331 835 490 748 355 693 475 722 441 742 437 730
419 722 416 769 442 775 501 701 449 685 431 632 425 646
415 683 341 769 485 738 421 762 485 696 374 591 356 639
356 675 426 705 449 688 479 770 251 484 45 282 -251 255
-320 438 222 639 251 647 431 707 469 789 400 669 334 546
342 705 374 684 427 698 368 645 358 625 373 652 409 634
322 624 368 659 392 748 355 675 362 667 447 755 349 683
315 693 :330 607 226 744 443 "754 503 709 427 703 274 516
258 588 141 457 221 428 -164 7_ -251 526 313 725 314 582
212 733 318 629 357 752 458 791 492 717 403 727 369 603
277 636 358 562 229 770 535 840 544 792 318 522 -318 110
-233 288 -100 265 -120 703 14 592 162 530 229 577 217 613
164 593 319 632 398 623 250 789 256 475 -387 232 -347 133
-141 140 -129 544 303 644 358 642 365 673 336 889 365 669
447 813 506 817 537 776 524 749 542 868 545 871 415 690
471 789 487 706 452 669 192 512 -227 93 -189 518 293 594
89 576 _62 789 191 449 151 478 238 501 104 786 299 832
610 829 530 734 -318 728 83 441 -7 511 46 895 405 877
609 876 630 888 527 797 -239 163 -102 632 11 811 390 855
271 578 324 675 221 632 362 733 420 803 -495 141 -296 100
-140 510 251 661 366 695 161 453 235 459 117 691 428 764
-247 217 -301 149 -207 157 -74 222 -66 280 -204 561 197 561
153 492 270 607 240 645 202 571 213 695 -448 103 -312 129
-138 508 304 603 67 626 342 601 286 576 221 721 315 636
304 669 337 605 367 567 280 514 -286 94 -133 355 36 458
146 506 294 577 -I1 222 -341 94 -227 50 -156 329 19 585
!65 398 176 822 561 801 553 776 -258 192 -125 464 211 730
£52 834 352 642 285 587 -222 233 -136 251 18 528 33 449
234 626 226 480 35 594 189 518 47 589 63 449 205 645
-229 336 87 798 529 753 51 412 188 999 411 942 486 757
394 830 464 732 330 800 452 689 329 712 421 690 378 870
462 782 116 653 -223 54 -223 130 -237 -33 -254 551 274 549
251 658 192 640 323 578 281 530 294 575 240 478 234 519
296 645 353 664 318 575 178 594 374 598 308 581 330 739
_12 615 344 601 328 549 324 645 381 639 393 645 377 592
294 538 297 535 251 503 286 656 427 635 394 640 378 653
392 614 358 608 313 513 244 844 365 607 406 620 387 609
B-32
Table B.7 (3rd page)
346 572 259 543 269 498 269 570 309 513 151 506 221 582
347 553 -277 50 -20¢ 109 -256 164 -65 313 49 342 12¢ 365
162 716 34 325 -249 507 -15 322 66 360 -158 83 -281 316
43 511 280 682 292 503 218 705 197 486 221 458 202 608
• -325 -20 -242 508 254 478 192 631 408 716 350 567 258 592
367 658 408 623 264 587 371 589 285 632 368 599 318 589










Tab]e B-8 (2nd page)
FILTER HISTIRY-PEAK/VALLEY SEQUENCE
FILTER LEVEL=400.000























































































































































































658 0 192.0 640.0
656 0 244.0 844.0
507 0 -281.0 682.0
716 0 258.0 725.0
658 0 240.0 701.0
651 0 -197.0 657.0
248 0 -205.0 683.0
690 0 229.0 738.0
661 0 -184.0 555.0
245 0 -211.0 607.0
796 0 78.0 690.0
748 0 181.0 694.0
691 0 136.0 598.0





803 0 -350.0 712.0
791 0 369.0 798.0
313 0 .-163.0 732.0
618 O- -283.0 235.0
535 0 126.0 726.0
582 0 113.0 560.0
253 0 -183.0 812.0
739 0 110.0 511.0
233 0 -194.0 652.0
534 0 45.0 696.0
181 0 -470.0 277.0
205 0 -330.0 632.0
769 0 356.0 770.0
755 0 226.0 754.0
791 0 229.0 840.0
592 0 162.0 613.0
889 0 365.0 871.0
786 0 299.0 832.0
895 0 405.0 888.0
855 0 271.0 675.0
695 0 117.0 764.0
561 0 153.0 645.0
603 0 67.0 626.0
585 0 165.0 822.0
528 0 33.0 626.0














































Table B-8 (3rd page)
RAINFLON CYCLES FOR ORIGINAL HISTORY






























-160.0 -110.0 -60.0 -10.0 40.0 90.0 140.0 190.0
0 5 5 2 2 5 0 0 173
2 2 5 8 9 9 5 5 244
I 0 5 3 2 i 3 3 134
1 1 3 3 2 3 0 1 91
0 1 1 I 2 1 0 1 68
0 0 I I 5 I 0 0 33
0 0 1 3 2 1 0 0 21
0 0 I i 0 0 0 0 18
0 i i 0 0 0 0 0 10
0 0 0 0 0 0 0 0 3
0 0 0 0 0 0 0 0 3
O 0 0 0 0 0 1 0 4
0 0 0 0 0 0 0 0 0
0 0 0 0 i 0 I 2 8
0 0 0 0 0 0 0 0 4
0 0 0 0 0 1 0 0 7
0 0 0 0 0 0 0 3 9
0 0 0 0 0 0 0 2 9
0 0 0 0 0 0 0 0 5
0 0 0 0 0 0 0 0 5
0 0 0 0 0 0 1 0 3
0 0 0 0 0 0 0 0 Z
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 1
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1
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Table B-8 (4th page)
RAINFLON CYCLES FOR ORIGINAL HISTORY






























240.0 290.0 3_0.0 390.0 440.0 _90.0 540.0 590.0
3 5 11 24 30 33 25 14 173
3 6 13 32 37 41 39 14 244
1 4 10 15 24 23 20 11 134
Z 3 6 15 17 11 14 6 91
0 3 7 10 21 9 7 4 68
0 2 0 8 9 2 2 2 33
0 2 2 2 3 2 1 0 21
0 0 _ 2 6 2 0 1 18
0 0 2 2 3 1 0 0 10
0 0 2 1 0 0 0 0 3
0 0 2 0 1 0 0 0 3
0 0 1 1 1 0 0 0 4
0 0 0 0 0 0 0 0 0
3 1 0 0 0 0 0 0 8
3 1 0 0 0 0 0 0 4
4 2 0 0 0 0 0 0 7
5 1 0 0 0 0 0 0 9
3 4 0 0 0 0 0 0 9
2 3 0 0 0 0 0 0 5
3 0 0 0 0 0 0 0 3
1 1 0 0 0 0 0 0 3
2 0 0 0 0 0 0 0 2
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 1
B-37
Table B-8 (5th page)
RAINFLON CYCLES FOR ORIGINAL HISTORY






























6_0.8 690.0 7_0.0 790.0
6 2 1 0 173
10 2 2 0 2_
5 3 0 0 134
3 0 0 0 91
8 0 0 0 68
0 o 0 0 33
2 0 0 0 21
0 1 0 0 18
0 0 0 0 10
0 0 0 0 3
0 0 0 0 3
0 0 0 0 4
0 0 0 0 0
0 0 0 0 8
0 0 0 0 4
0 0 0 0 7
0 0 0 0 9
0 0 0 0 9
0 0 0 0 5
0 0 0 0 3
0 0 0 0 3
0 0 0 0 2
0 0 0 o 0
0 0 0 0 1
0 0 0 0 0
0 0 0 0 0
0 0 0 0 1
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EXAMPLE 5
A history containing 1021 peak/valley points is used. This is the
Filtered version (filter level = .46) of a simulated helicopter combat
maneuver loading history. Option 4 is used, so that the results are
given in the form of a compact 32 x 32 matrix containing the maximum and
minimum (peak and valley) values of the rain-flow cycles. Tables B-9
and B-tO show the input and output of this program, respectively. Note
that the history is converted using linear interpolation to have a
minimum value of 1 and a maximum value of 32.
B-39
Table B-9. Input for Example S
4
1021
1.000 0.430 0.973 0.457 0.978 0.456 0 939 0.467 0.924 0.409
0.919 0.467 0.925 0.442 0.971 0.426 0 884 0.357 0.887 0.334
0.802 0.135 0.721 0.154 0.641 -0.041 0
0.835 0 380 0.896 0.397 0.860 0.369 0
0.836 -0 258 0.433 -0.033 0 422 -0.033 0
0.287 -0 216 0.355 -0.222 0 558 0 059 0
0.420 -0 092 0.388 -0.067 0 449 -0 134 0
0,406 -0 084 0.393 -0,067 0 387 -0 114 0
0.804 0 335 0.841 0.306 0 805 0 340 0
749 0.001 0.750 0.127
832 0.365 0.849 0 350
434 -0.174 0.293 -0 180
528 -0,055 0.398 -0 096
381 -0.121 0.356 -0 095
371 -0.087 0.379 -0 124











264 0.758 -0.010 0
200 0.697 0.230 0
423 0.983 0.423 0
395 0.936 0.380 0
018 0.511 0.046 0
073 0.726 0.235 0
304 0 791 0.324 0
363 0 857 0.342 0
334 0
192 0
748 0 289 0 797 0 333 0.803 0 149
771 0 321 0.886 0 335 0.874 0 373
909 0 369 0.860 0 383 0.879 0.422
867 0.348 0.806 0 197 0.676 0.002
559 -0.516 0.381 -0 215 0,376 -0.109
733 0.260 0.776 0 294 0.814 0.317
819 0 348 0.800 0.301 0.828 0.303
964 0 350 0.904 0.254 0.863 0.350
876 0.157 0.710 0 199 0.776 0.209 0.704 0.223













0.739 0.079 0.711 0
0.705 0.109 0.785 0
/08 0.220 0.826 0
939 0.398 0.882 0
995 0.365 0.974 0
872 0.362 0.839 0
826 0.371 0.839 0
811 0.039 0.583 0
611 0.010 0.542 0
287 -0 201 0.268 -0
364 -0 185 0.316 -0
712 0.183 0.690 0
621 0.088 0.627 0
550 0.073 0.564 0
510 0.032 0.495 -0
719 0.059 0.657 0
630 -0.048 0.626 -0.091 0
403 -0.124 0.334 -0.171 0
722 0.219 0.828 0.335 0
839 0.296 0.788 0.309 0
747 0.183 0.781 0.259 0
700 0.189 0.692 0.076 0
732 0 124 0.656 0.118 0
063 0.648 0.15-3 0
075 0.561 0.098 0
361 0.832 0.373 0
365 0.911 0.442 0
165 0.674 0 149 0.631 0.127
165 0.635 0 122 0.581 0.058
091 0.625 -0 016 0.596 -0.237
201 0.603 0 009 0.631 0.066
132 0 727 0 109 0.589 -0.011
527 -0 112 0.529 -0.109
280 -0 382 0.298 -0 193
898 0.365 0.8_1 0
780 0.303 0.775 0
760 0.099 0.692 0
619 0.128 0.600 0
755 0.079 0.643 0
614 0.144 0.681 0
641 0.146 0.771 0
832 0.375 0.884 0










382 0.976 0.371 0.978 0.412 0.883 0 390
381 0.882 0.419 0.889 0.346 0.881 0 348
342 0.896 0.337 0.790 0.321 0.885 0 287
054 0.535 -0.097 0.555 0.005 0.458 0 001
000 0 451 -0.294 0.277 -0.237 0.303 -0.215
219 0 275 -0.190 0.280 -0 174 0.312 -0.163










155 0.322 -0.153 0
266 0.659 0.182 0
271 0.776 0.259 0
190 0.642 0,147 0
099 0.603 0.147 0
084 0.541 0.015 0
124 0.430 -0.081 0
066 0.561 -0.141 0
060 0.452 -0.089 0
336 -0.137 0.327 -0
702 0.220 0.733 0
783 0.279 0.757 0
630 0.106 0.629 0
710 0.092 0.711 0
472 0.021 0.512 -0
412 -0.125 0.417 -0









4il -0.094 0.430 -0 131 0.382 -0.131
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115 0,501 -0.077 0.487 -0.041 0
019 0.532 -0.013 0.459 -0.022 0
017 0.542 0.024 0.573 0,012 0
139 0.602 0.028 0.613 0.015 0
052 0.620 0.161 0,647 0.180 0
129 0.701 0.127 0.643 0.104 0
032 0.423 -0.060 0.396 -0.095 0
080 0.486 -0.040 0.515 -0.047 0
065 0.541 -0.087 0.590 -0.084 0
133 0.612 -0,087 0,618 -0.137 0
107 0.366 -0.099 0.536 0.000 0
117 0.731 0.238 0.803 0,275 0
171 0.887 0.217 0.762 0.185 0
227 0.873 0.197 0.800 0.192 0
495 -0.012 0.470 -0.026
542 -0.062 0.575 -0.016
681 0.053 0.640 0.108
635 -0.079 0.582 0.013
635 0.164 0.685 0.180
615 -0.075 0.471 -0.049
458 -0.055 0.429 -0.083
505 -0.101 0,477 -0.049
579 0.077 0.595 -0.098
572 -0.134 0.490 -0,043
456 0.005 0.695 0.042
811 0.193 0.825 0.248
721 0.236 0.701 0.200
684 0.221 0.738 0.194
161 0.750 0,223 0.718 0.181 0.742 0.253 0.732 0.241
194 0.730 0.228 0.776 0.265 0.790 0.226 0.795 0.238
244 0.765 0.270 0.768 0.226 0.732 0.256 0.748 0.216
286 0.787 0.272 0.727 0.232 0.738 0.187 0,749 -0.341
155 0.311 -0.180 0 650 -0.198 0.318 -0.182 0.281 -0.231
073 0.453 -0.085 0 471 -0.061 0.467 0.000 0.483 0.002
044 0.546 -0.041 0 541 0.010 0.564 0.047 0.594 0.040
033 0.570 0.059 0 556 0.i01 0.562 0.097 0,587 0.110
0.601 0.012 0.625 -0.259 0 683 0.220 0.748 0.287 0.849 0.328
0.858 0 401 0.870 0.389 0 892 0.375 0.900 0.446 0.917 0.436



























447 0.950 0,440 0
450 0.910 0.408 0 880 0.352 0.824 0
381 0.936 0.346 0 872 -0.213 0.559 0
020 0.466 -0.151 0 775 0.305 0,821 0
333 0.819 0.362 0.829 0.302 0.833 0
252 0.813 0.309 0,775 0.175 0.797 0
276 0,789 0,304 0.846 0.291 0,742 0
211 0.722 0.221 0.698 0.205 0.707 0
172 0.790 0.225 0.760 0.294 0.795 0
351 0.811 0.303 0,802 0.289 0.782 0
299 0.847 0.324 0
383 0.857 0.350 0
357 0.846 0.379 0
379 0.878 0.388 0
393 0.872 0.374 0
402 0.912 0.337 0
389 0.856 0.383 0
428 0.901 0,362 0
422 0,943 0.407 0
337 0.905 0.444 0
362 0.860 0.004 0
406 0.961 0.470 0
414 0.952 0.485 0
457 0.981 0.607 0
440 0.945 0.453 0










822 0.343 0.896 0.373 0.875 0,394
924 0.372 0.894 0.421 0.874 0.383
908 0.377 0.913 0.434 0.887 0.390
839 0.334 0.842 0.381 0.896 0.395
946 0.398 0.881 0 392 0.897 0.338
877 0.398 0.878 0
858 0.377 0.910 0
910 0.417 0.928 0
949 0.425 0.954 0
934 0.413 0.932 0
494 -0.016 0.771 0
952 0.440 0.995 0
958 0.437 0.987 0
962 0.452 0.959 0















































1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 3 5
0 0 0 0 0 0 1 10
0 0 0 0 1 2 1
0 0 0 0 0 1 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 1
0 0 0 0 0 1 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 0
0 0 0 0 0 1 0
0 0 0 0 0 1 0
0 0 0 0 1 0 0
0 0 1 0 0 1 0





















































2.0 0 0 0 0 0 0
3.0 0 0 0 0 0 0
(*.0 0 0 0 0 0 0
5:0 0 0 0 0 0 0
6.0 0 0 0 0 0 0
7.0 0 0 0 0 0 0
8.0 0 0 0 0 0 0
9.0 0 0 0 0 0 0
10.0 0 0 0 0 0 0
11.0 0 0 0 0 0 0
12.0 0 0 0 0 0 0
15.0 0 0 0 0 0 0
1(*.0 0 o 0 0 0 0
15.0 0 0 0 0 0 0
16.0 0 0 0 0 0 0
17.0 0 0 0 0 :: 0 0
18.0 6 0 0 0 0 0
19.0 6 8 0 0 0 0
20.0 5 9 5 0 0 0
21.0 I 9 6 6 0 0
22.0 4 5 6 8 (* 0
23.0 4 3 3 9 8 5
24.0 1 5 2 (* 4 9
25.0 1 1 1 1 3 6
26.0 I 0 0 I (* 8
27.0 0 0 0 I 2 3
28.0 0 0 0 0 1 1
29.0 0 0 1 1 0 0
30.0 0 0 1 0 1 0
31.0 0 0 1 0 0 0
52.0 0 0 0 1 0 0
_ _ ; RAINFLON CYCLES
9.0 10.0 11.0 12.0 13 0 14.0 15.0 16:0







































































17.0 18.0 19.0 20.0 21.0 22.0 23.0 24.0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
O 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0
16 7 0 0 0 0 0 0
6 22 9 0 0 0 0 0
1 8 25 10 0 0 0 0
0 2 19 25 11 0 0 0
0 _ 6 16 12 0 0 0




































Table B-IO (4thpage) ....
RAINFLON CYCLES
25.0 26.0 27.0
1.0 0 0 0
2.0 0 0 0
3.0 0 0 0
4.0 0 0 0
5.0 0 0 0
6.0 0 0 0
7.0 0 0 0
8.0 0 0 0
9.0 0 0 0
10.0 0 0 0
11.0 0 0 0
12.0 0 0 0
13.0 0 0 0
14.0 0 0 0
15.0 0 0 0
16.0 0 0 0
17.0 0 0 0
18.0 0 0 0
19.0 0 0 0
20.0 0 0 0
21.0 0 0 0
22.0 0 0 0
23.0 0 0
24.0 0 0 0
25.0 0 0 0
Z6.0 0 0 0
27.0 0 0 0
28.0 0 0 0
29.0 0 0 0
30.0 0 0 0
31.0 0 0 0
32.0 0 0 0
28. 0 29.0 30.0 31.0 32.0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 _ 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 _ 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
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